Introduction
Nitrogen is an essential element for life. Despite being the large reservoir in Earth's atmosphere, the molecular nitrogen (N 2 ) is unavailable for most organisms, since they are unable to reduce the N 2 triple bond [1] . A phylogenetic and physiologically diverse group of microorganisms denoted diazotrophs display the remarkable ability to reduce N 2 to ammonia, the so called biological nitrogen fixation (BNF) process [2, 3] . BNF reaction is catalyzed by the metalloprotein complex nitrogenase and is essential to provide metabolic usable forms of nitrogen to the biosphere [4] .
The conventional and most extensively characterized nitrogenase is the two-component molybdenum(Mo)-based enzyme [5] . This system is encoded by nif genes Abbreviations BNF, biological nitrogen fixation; FBI-GS, feedback-inhibited glutamine synthetase; GS, glutamine synthetase; MSX, methionine sulfoximine.
and is present in all diazotrophs studied to date [6] . The homodimeric NifH Fe-protein acts as a nucleotide-binding component and transfers electrons to the heterotetrameric NifDK Fe-Mo-protein upon ATP hydrolysis [5] . This second component harbors the catalytic site with the Fe-Mo cofactor, at which substrate binding and reduction occurs [5, 7] . In addition to this standard nitrogenase, some organisms present alternative systems, at which the molybdenum is replaced by vanadium or iron [6] . These enzymes are expressed under Mo depletion and are encoded by distinct sets of genes: vnf (vanadium nitrogenase) and anf (iron-only nitrogenase), which are phylogenetically related to the nif system [2, 6] . Nitrogenase activity represents a pronounced energetic input, with a high demand of electrons, protons, and MgATP directed to N 2 reduction [7] . Besides that, the slow turnover of the enzyme requires large amounts of nitrogenase to be synthesized in order to reach nitrogen demands [3] . Furthermore, nitrogenase components are extremely sensitive to O 2 [8] . Therefore, common principles underlying BNF regulation are observed, in response to available nitrogen sources, energetic supply, and oxygen levels [3] .
Despite BNF being carried out by conserved structural elements regulated by common principles, the regulatory networks controlling such elements reveal a wide variety of molecular mechanisms among diazotrophs. Regarding nitrogen-fixing bacteria, extensively characterized proteobacteria models display nif promoters recognized by the r 54 RNA polymerase factor, which acts in concert with the specific transcriptional activator NifA [3] . Expression of the alternative systems Vnf and Anf in addition also responds to molybdenum and/or vanadium traces, being activated by particular transcription factors: VnfA and AnfA [9, 10] . On the other hand, the few studies on grampositive diazotrophs suggest completely different regulatory patterns. These examples comprise primary -10/-35 promoter sequences, which can drive constitutive expression, and that would require additional negative regulation [11] [12] [13] [14] . With the exception of a terminator/antiterminator model reported to Heliobacterium chlorum [12] , these negative regulatory elements had long been missing.
Nitrogen homeostasis control is well characterized in Bacillus subtilis. In this gram-positive model, TnrA acts as the main transcriptional regulator under nitrogen starvation, either as an activator or repressor, while the repressor GlnR controls fewer targets under nitrogen excess conditions, including its own operon glnRA [15] [16] [17] . Glutamine synthetase (GS; EC 6.3.1.2), encoded by glnA, is a pivotal enzyme of nitrogen metabolism in the central ammonium assimilatory pathway, the GS-GOGAT cycle. It catalyzes the ATP-dependent production of glutamine from glutamate and ammonium [18] . Bacillus subtilis GS furthermore acts as a sensor of nitrogen availability. In its feedback-inhibited form, in particular, when feedback-inhibited by glutamine, GS binds to TnrA and GlnR and thereby modulates gene expression mediated by these transcription factors [19] . In gram-positive soil bacteria from the genus Paenibacillus, GlnR/TnrA-binding sites were predicted upstream from nif clusters based on a comparative genomics analysis with 15 nitrogen-fixing strains [20] . Although TnrA, GlnR, and GS are well recognized as overall nitrogen assimilation regulators, their role related to BNF had not been described so far.
Here, we investigate BNF transcriptional regulation in Paenibacillus riograndensis SBR5
T , a strain isolated from wheat rizosphere in a plant-growth promoting bacteria prospection study [21, 22] . Its genome (accession number LN831776 [23] ) harbors the glnR gene, which is linked to glnA, but the tnrA gene is missing. Some interesting features related to BNF were already described, including a validated iron-only alternative nitrogenase (encoded by anf genes) and the presence of nonconserved nif genes in addition to the main nif operon [14] . In the present work, we provide experimental evidence to support the role of GlnR in transcriptional regulation of nitrogen fixation in SBR5. Transcriptional repressor GlnR binding to promoter target sites is modulated according to the nitrogen status sensed and transmitted by GS, and GS is able to integrate the nitrogen and energetic cellular status. Beyond demonstrating GlnR nif-regulation suggested from in silico analysis, we propose that GS plays an essential function at the regulatory cascade and mechanisms leading to repress or release gene expression.
Results

Regulatory sites predicted at SBR5 BNF-related genetic clusters
To characterize the GlnR-binding consensus sequence in the Paenibacillus genus, a de novo positional weight matrix (PWM) was built (see 'Experimental procedures' for details). The consensus sequence of this matrix is represented in Fig. 1A , in comparison with the consensus sequences of GlnR from B. subilis (Fig. 1B) , TnrA from B. subtilis (Fig. 1C) , and TnrA from the class Bacilli (Fig. 1D) . As one can observe in Fig. 1 , the motif found upstream from Paenibacillus genes resembled the other sequences presented, and fits with the general common TnrA/GlnR-binding site reported as TGTNAN 7 TNACA [24] [25] [26] [27] . TnrA and GlnR recognize the same DNA consensus sequence, and there is a cross-talk between these two regulators, according to the nitrogen status and the interaction with the GS [19, 28] . Since Paenibacillus strains used in this study present GlnR orthologs, but not TnrA orthologs, the sequence motifs found upstream of their genes most probably correspond to GlnR-binding sites.
Then, to first characterize P. riograndensis SBR5 BNF promoters, a bioinformatics approach was applied to search for putative SigmaA (r A ) and GlnRbinding sites, in order to identify regulatory sequences to drive BNF-related gene regulatory pattern. The DNA fragments of interest lie upstream from glnRA (PglnRA) and from the BNF-related genes: the main nif operon (Pnif M ), the secondary nif operon (Pnif S ), the predicted ferredoxin-encoding fdx gene (Pfdx), and the alternative anf operon (Panf). r A -binding sites were predicted to drive glnRA, nif, fdx, and anf transcription (Table 1) . Putative GlnR-binding sites were also detected at these promoter regions (Table 2) . Putative r A -or GlnR-binding sites upstream from PRIO_3908 (nifH2, which composes one additional and less conserved nif cluster) were not identified by bioinformatics analysis. It agrees with previous reports that transcripts of this ORF were not detected under Comparison of Paenibacillus palindromic intergenic motif consensus to consensuses of known GlnR/TnrA regulatory sequences. The PWM-MEME generated from motifs detected upstream from Paenibacillus genes (A) was utilized as query in TOMTOM software, as described in Experimental procedures . GlnR (B) and TnrA (C) Bacillus subtilis motifs (MX000027 and MX000026, respectively) were found in Prodoric Database, while TnrA Bacilli motif (D) was found in Regtransbase. These motifs were the most significant hits, and all present E-values lower than the significance threshold of 10.
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Dimeric His-GlnR binds to DNA fragments from glnRA and BNF promoters Paenibacillus riograndensis SBR5 GlnR was evaluated in a size-exclusion analytical column, from which it eluted as a single peak with an apparent molecular mass of 42.26 kDa ( Fig. 2A) , that represents the dimeric form of GlnR. Albeit this finding contrasts the monomeric structure of B. subtilis GlnR [29] , the other proteins from MerR family are usually dimers [30] . To support our data, we evaluated B. subtilis proteins on the same column. The recombinant full-length B. subtilis GlnR eluted as a peak with an apparent molecular mass of 16.2 kDa (Fig. 2B ), which agrees with the expected monomer, as the protomer predicted mass is 16.7 kDa. We also tested a truncated version of B. subtilis GlnR, lacking 40 amino acids at the C-terminal domain, previously reported as a dimer in solution [31] . This protein presents a predicted molecular mass of 12 kDa and eluted from the column with an apparent molecular mass of 28.5 kDa (Fig. 2C) , representing the dimeric form. Based on the predicted molecular mass of SBR5 His 6 -tagged GlnR of 17.5 kDa, proteins eluted according to the monomer size were not detected.
We then tested GlnR binding to different DNA fragments harboring putative GlnR-binding sites by Surface Plasmon Resonance (SPR) spectroscopy (Fig. 3) . The 30 bp DNA sequences evaluated by SPR (Table S1) were designed according to sequences of interest in the SBR5 genome, identified as described in the previous section. A DNA fragment (30 bp) harboring no GlnRbinding site was evaluated as a control for unspecific binding. Any signal detected from the binding of the protein to the unspecific DNA was subtracted from the signal detected with the test DNA and this difference is the data presented as DRU. Figure 3 shows that GlnR specifically bound to these DNA fragments, with variable binding intensities detected. Also, regardless of the interaction intensity with each fragment, GlnR-DNA binding was unstable and, after binding, the protein quickly dissociated from the DNA-chip surface. As the SBR5 genes for structural components of nitrogenase are repressed under nitrogen-sufficient conditions [14] , we expected that if GlnR acts as the transcriptional repressor, it should strongly bind to operator sequences in order to disrupt or block transcription. However, the transient DNA interaction detected is unlikely sufficient for GlnR to act as a negative regulator. Thus, we investigated whether GS is required as a partner protein to enhance DNA-binding capacity of GlnR. 
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Motif-sequences matching a P-value < 10 À4 were considered significant.
Glutamine feedback-inhibited GS interacts with GlnR
To test the interaction between GS and GlnR we set up an SPR-based assay. His 6 -tagged GlnR was immobilized on a Ni-nitrilotriacetic acid-activated chip sensor surface and StrepII-tagged GS was used as an analyte. No interaction was detected when GS was injected in the absence of effector molecules (Fig. 4A ). However, we could clearly detect complex formation if GS was injected in the presence of 1 mM glutamine or methionine sulfoximine (MSX) (Fig. 4A ), a glutamate analog that inhibits GS biosynthetic activity. In both cases, GS adopts a feedback-inhibited state, corresponding to the Q-state recently described for B. subtilis GS [32].
There was no interaction when GS was injected together with ATP, but we could clearly detect complex formation in the presence of AMP or both ATP and AMP (Fig. 4B ). When we injected GS with these nucleotides together with glutamine or MSX, we observed distinct outcomes. Glutamine promoted complex formation between GS and GlnR and this interaction was not disturbed by ATP (Fig. 4C) . Likewise, we detected complex formation in the presence of glutamine together with AMP or both ATP and AMP (Fig. 4C ). In contrast, the presence of ATP prevented the interaction promoted by MSX, while AMP did not (Fig. 4D ). When we injected GS in the presence of MSX and both the nucleotides, we observed that AMP overcomes the negative effect exerted by ATP (Fig. 4D ). MSX is phosphorylated at the catalytic site in the presence of ATP, which fixes the enzyme at the transition state [33] and abolishes GS-GlnR interaction. The dominant effect of AMP over ATP indicates that AMP prevents phosphorylation of MSX by ATP, resembling the situation in B. subtilis, where elevated AMP levels prevented formation of the ATP-bound state of GS [32] (Fig. 4B,D) . Thus, SBR5 GS and GlnR interact in a pattern that strongly resembles B. subtilis GS-TnrA complex formation [32] . In B. subtilis, it is well described that GS, in its feedbackinhibited form, interacts with both TnrA and GlnR transcription factors [29, 32, 34] , but GlnR plays only a secondary role [19] . In contrast, GlnR appears to be the main nitrogen regulator in SBR5, as it is devoid of TnrA.
Since in B. subtilis GS activity is inhibited when in complex with TnrA [35] , we wanted to verify such a possible outcome from the interaction described here. As we had already determined that the proteins interact in the presence of glutamine or AMP, and also to verify the biochemical response of GS to these effectors, we accessed GS biosynthetic activity in the presence of GlnR with increasing glutamine and AMP concentrations (Fig. 5) . We observed dose-dependent inhibition of GS-specific activity by glutamine and AMP, with a more pronounced inhibitory effect of AMP. There was no difference at the IC 50 values calculated for glutamine in the presence or absence of GlnR. For AMP, we observed a slight difference in ), corrected to maximum activity determined with no effector molecule added to the reaction mix. Values presented are the average obtained from three independent assays. Bars represent the standard deviation. The glutamine IC 50 was 2370 lM in the absence of GlnR, and 2402 lM in the presence of GlnR. The AMP IC 50 was 178 lM in the absence of GlnR, and 120 lM in the presence of GlnR. the presence of GlnR, but not a pronounced change in the calculated IC 50 values. Pull-down assays were performed under the GS activity assay conditions and confirmed that the proteins are indeed able to interact under these circumstances (data not shown).
Taken together, these results clarified that SBR5 GS interacts with GlnR in the presence of glutamine and AMP, when it is feedback-inhibited (FBI-GS) by its reaction products. In this complex, there is no relevant modulation of GS biosynthetic activity by the protein partner GlnR.
Feedback-inhibited GS stabilizes GlnR binding to DNA promoter fragments
We next wanted to investigate the consequences of GS-GlnR complex formation on the DNA-binding properties of GlnR. Therefore, we evaluated GlnR binding to DNA in complex with GS (always in the presence of 1 mM glutamine) by SPR spectroscopy under strict assay conditions, injecting 250 nM GlnR with 25 nM GS over 250 RU chip-surface immobilized DNA (Fig. 6) . We observed that the GlnR-FBI-GS complex binds to some of the DNA fragments evaluated. With the GlnR-GS complex, we detected a much higher binding signal as compared to the injections with GlnR only, which agrees with GS being a large dodecameric enzyme [36] , with a correspondingly high mass. This is clearly revealed for the binding to the glnRA DNA fragment (Fig. 6A) . In a similar way, GlnR-FBI-GS complex clearly bound to both the DNA fragments evaluated from Pnif M (Fig. 6B) , the one fragment evaluated from Pnif S (Fig. 6C) , and the two fragments from Pfdx (Fig. 6D) . In contrast, we detected almost no binding signal upon protein loading onto Panf DNA fragment (Fig. 6D) .
Even more remarkable than the mere effect of GS on the mass signal of binding (resonance units) is the effect on DNA-protein complex stability. In those cases where GS promoted GlnR-DNA interaction, it also stabilized the complex during the dissociation phase, which is visible from the drastically reduced complex dissociation after the injection of the analyte (Fig. 6 ). For instance, after 200 s, when GlnR alone was already completely dissociated from the DNA surface, we were still able to detect the protein bound to each of the DNA fragments when in complex with GS ( Fig. 6A-D) . When we injected the preformed GlnR-GS complex in the presence of glutamine, but omitted glutamine from the running buffer in the dissociation phase, we still detected DNA binding of the protein complex, but as the injection was finished and glutamine was washed from the chip surface, the complex quickly dissociated (data not shown). These observations agree with the statement that the presence of glutamine is essential to sustain GlnR-GS protein complex and consequently to stabilize DNA binding. When we performed a similar assay following standard conditions (with excess DNA and protein loading) always in the presence of glutamine, injecting 1 lM GlnR with 100 nM GS over 500 RU chip-surface immobilized DNA, we observed a similar outcome (Fig. 7) . Even though the complex was then able to bind to Panf DNA fragment, this interaction was still unstable, and the complex dissociated after injection was finished (Fig. 7D) . We observe that the sequence harbored at Panf fragment lacks the widely conserved ACA -3 0 , present in the other sequences evaluated ( Table 2 ). The ACA -3 0 was already demonstrated to be extremely conserved on GlnR-binding motifs in the class Bacilli [27] , which could explain why this fragment does not represent a functional GlnR operator. A new GlnR-binding consensus deduced from the sequences experimentally validated in this work is presented in Fig. 8C , where we can observe that the 5 0 -TGT is not so strictly conserved, while the ACA -3 0 remains intact. These results clearly indicate that binding of GlnR to DNA fragments is positively modulated by complex-formation with feedback-inhibited GS, in particular by reducing the dissociation from the DNA. We assume that the DNA fragments specifically recognized by GlnR and stabilized by the GS complex represent the physiological-relevant operator sites. On the other hand, the predicted Panf fragment can be recognized as a nonfunctional putative transcription factorbinding site. According to this, SBR5 presents one functional operator at glnRA promoter and at Pnif S , while Pnif M and Pfdx harbor two functional operators (Fig. 8) .
To gain deeper mechanistic insights into the specific effects of GS on the binding of GlnR to different DNA sites, we determined the affinity of GlnR to each of the above mentioned fragments in the absence and presence of FBI-GS (Table 3) . We observed an overall increase in GlnR affinity to DNA when it is in complex with the FBI-GS. Notwithstanding, the association rate (ka) of this huge complex was lower in comparison to GlnR binding to DNA alone, so that the major pronounced difference was observed when we compared the dissociation rates (kd). Dissociation from the DNA surface was lowered in the presence of FBI-GS in a range of 13-to 75-fold as compared to GlnR alone. Comparing the dissociation from each DNA fragment, we observed that the GlnR-FBI-GS complex dissociated from PglnRA, Pnif M (1), and Pfdx(2) at a similar low rate. These are also the fragments with the highest affinity, and accordingly, the lowest K D values were determined. In contrast, the complex dissociated from the other fragments with faster rates. The affinity determined for these fragments, Pnif M (2), Pnif S , and Pfdx(1), was lower, with corresponding higher K D values.
Comparing the two operator sites at Pnif M and at Pfdx, it is evident that in each of these two promoters, one binding site displays high affinity due to slow dissociation, whereas the second site has lower affinity and dissociates faster. This behavior is clearly illustrated in Figs 6 and 7 and is supported by quantitative evaluation shown in Table 3 . The sites with higher affinity and slower dissociation will from now on be referred to as main operators: the Pnif M (1) and Pfdx (2) DNA fragments. Those with lower affinity and faster dissociation will be termed auxiliary operators: the Pnif M (2) and Pfdx(1) ones. The other sites will be denoted single operators.
An integrated view of the detected GlnR-binding sites together with r A recognition sequences is provided in Fig. 8A , sequence details are given in Fig. 8B . GlnR-binding sites are located 4 bp upstream from the r A -binding site at the glnRA promoter, and 48 bp upstream from r A -binding site at the nifE2 promoter (at the secondary nif operon). Intriguingly, upstream from nifB, at the main nif cluster, the r A -binding site is trapped between the two operator sites. However, upstream from the anf genes, the operator sites are located far from the primary promoter predicted to drive anf transcription. These two sites trap another r A -binding site found at the opposite strand to drive the transcription of the single ORF encoding a ferredoxin (fdx). 
ATGTAGTATTAGCTAACAC-N 37 -TTGAAATCAGCTGTTTCAGGGATGTAAAAT-N 29 -AAGACATATAAACTTACAT-N 47 -ATG
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Discussion
GlnR is well characterized in B. subtilis as a secondary regulator that represses nitrogen assimilation genes. In this bacterial model, GlnR binds to two operator sites in the glnRA regulatory region [25] , interfering with RNA polymerase binding and inhibiting transcription [28] . Glutamine synthetase, which acts in concert with GOGAT to drive the main ammonia assimilatory pathway in most bacteria [18] , acts in Bacillus additionally as a sensor of the cellular nitrogen and energy status [32] . In B. subtilis, GS transmits this signal by binding to TnrA and thereby modulating gene expression from this primary nitrogen-responsive transcription factor. Furthermore, GS transmits the nitrogen signal toward the secondary regulator, GlnR, stabilizing GlnR-DNA complexes by inducing dimerization of monomeric GlnR and thereby promoting GlnRmediated gene repression [29, 31] . In the present work, we extend the regulatory function of GS in the diazotrophic firmicute P. riograndensis SBR5, revealing a signal transduction pathway toward a dimeric form of GlnR to control a new set of genes, related to the BNF process. SBR5 GlnR is already in a dimeric state in the absence of GS, which explains its ability to bind to operator sites. B. subtilis GlnR harbors an autoinhibitory C-terminal domain, which prevents dimerization [31] . Intriguingly, MerR family proteins are in general recognized as dimers [30] , and some other few GlnR proteins biochemically characterized were also reported as dimers, as the Bacillus cereus [37] and Streptococcus mutans [38] repressors. So, the model protein appears to be still an exception. However, in this state, SBR5 GlnR-DNA binding is transient and the protein dissociates quickly from its target sites (Fig. 3) . The situation changes dramatically in the presence of GS. In its glutamine-bound, feedbackinhibited state, FBI-GS complexes with GlnR and stabilizes its interaction with DNA target sites by greatly reducing dissociation from the DNA (Table 3) . Consequently, GlnR repression exerted at r A -driven BNF promoters is modulated in response to nitrogen availability, represented by intracellular glutamine levels. We also demonstrated that GS biosynthetic activity is negatively modulated by AMP (Fig. 5B) , and that ATP and AMP, besides glutamine, modulate the GS-GlnR complex formation (Fig. 4) . So, it is feasible to suggest that SBR5 GS senses the cellular energetic status, as it was proposed to B. subtilis GS [32] , and integrates the energy and nitrogen signals to modulate gene expression via interaction with GlnR.
The arrangement of SBR5 GlnR operator sites is in agreement with a classical repressor binding function, which would disturb transcription initiation by direct interference with the RNA polymerase [39] . In addition to stabilizing the DNA complex, the bulky dodecameric GS protein would act as an efficient steric barrier for RNA polymerase. This huge complex could impair transcription initiation even from the Pnif s operator, which is not so nearby the r A -binding site upstream from nifE2 (Fig. 8B) . Interestingly, upstream from the nifB (at the main nif operon regulatory region), two operator sites 116 bp apart from each other were identified, with the primary -35/-10 box held in between (Fig. 8B) . A similar structure is observed upstream from fdx: the r A -binding site is located intermediate to two GlnR operator sites (Fig. 8B) . Ferredoxins are electron carrier proteins reported to supply electrons to the nitrogenase [40, 41] . It seems feasible from our observations that this gene follows the main nif pattern of regulation. So, based on our data, in addition to the genetic organization, it probably encodes a protein that is the nitrogenasespecific electron donor in this organism.
In B. subtilis, there are two operator sites in tandem nearby the glnRA promoter [25] . GlnR binds to these sites in a cooperative manner, and both are required for Table 3 . GlnR affinity to DNA fragments alone or in complex with the feedback-inhibited glutamine synthetase (FBI-GS) Values are presented as the mean of two independent determinations AE SD.
full repression [28] . In contrast, we could determine only one GlnR-binding site at the SBR5 glnRA promoter. Based on our results, we propose a single-site pattern of transcriptional repression to regulate the glnRA operon. In contrast, for the main nif operon and fdx, we suggest a multiple operators model to regulate transcription of the standard nitrogenase and its electron supplier. These regulatory sequences harbor one auxiliary lower affinity operator in addition to the main operator site (Fig. 8B) . Regulation based on multiple sites is a common feature of gene expression, and the relevance of additional operators is well described for some classical repression systems of bacterial transcription modulation. Examples comprise the ara [42] and gal [43] two-site regulated, and the deo [44] and lac [45] three-site regulated operons. The auxiliary operators are relevant to the overall system's performance and needed to achieve full repression [44, 45] . Actually, they can be found at remote sites, and repressor affinities determined in vitro are lower [44, 46, 47] , just in accordance with our data. Nevertheless, these secondary operators further stabilize the repressor machinery, which results in a stronger repression [48, 49] . There are reports of repression mediated by DNA looping involved in Gal and Lac systems, for example [48, 50] . As in GlnR, these repressors bind to DNAspecific palindromic sequences as dimers [24] . In addition, they are able to associate as tetramers, and consequently bind to two operators simultaneously, inducing DNA loop formation [42, 48, 50, 51] . This DNA topology reorganization also participates to achieve the full repression range [49] . From our biochemical analysis, it seems unlikely that GlnR could associate to form tetramers. On the other hand, GS could easily bind to two GlnR dimers. In B. subtilis, one GS dodecamer can accommodate up to three TnrA dimers [32] . We already argued that the interaction described here resembles B. subtilis GS-TnrA interaction. So, if we assume that GS can bind to two GlnR dimers, it is feasible to suppose that GS functions as a core structure that assembles GlnR-DNA complexes and thereby connects the two operators. In this model, not the repressor itself, but a second protein partner would bridge two operator sites together. It is hard to conceive a simple loop tangling the huge dodecameric GS. But if we imagine the described 'wrapping away' loop geometry, with a compact 'closed' conformation where the protein complex lies outside the loop [52] , we can depict the following scenario: DNA loop formation is induced by two GlnR dimers bound to both operators and bridged by feedback-inhibited GS. Actually, it was demonstrated that LacI-DNA loops do not adopt the open conformation, which would harbor the extended LacI tetramer inside the loop [53] . The finding that this complex exists exclusively in the closed 'wrapping away' conformation [53] supports our model, with the GlnR-FBI-GS complex lying outside the DNA loop.
A stronger repression is a relevant characteristic that differentiates DNA loop-based systems from single operator systems. Besides that, the loop-based model displays a more stable repression, with lower levels of fluctuations in transcription, and is less susceptible to variations in repressor levels [54] . These properties fit with the idea that molecular nitrogen would be the last nitrogen source to be utilized, because of the high energetic demand, so the BNF genes are subjected to a strong and strict repression. According to these considerations, glnRA repression would be weaker and more variable, which would sustain the regulatory cycle under varying availability of combined nitrogen sources. These basal fluctuations would not disturb the nif loop-based repression, which would be relieved only under extreme nitrogen deprivation.
Negative regulation of nif genes was reported in the Archaea Methanococcus maripaludis. The exclusive repressor NrpR binds to two tandem operators at nif promoter region, and the secondary operator is important for intermediary repression [55] . As these two sites are close to each other (15 bp apart) [55] , the DNA looping should not take place in this mechanism. Also, in the gram-positive bacterium H. chlorum, nif genes are negatively regulated by a terminator-like structure following the -10/-35 promoter [12] . These examples of negative regulation reported seem to be fundamentally different from the mechanism described here.
Regarding the alternative nitrogenase (encoded by anf genes), the data presented here do not allow us to state that it is subjected to the same repression model. Albeit we would expect anf genes to follow the strict repression system described here, the GlnR-binding sites detected are too far from the anf transcription initiation, and they likely play their role in the regulation of the oppositely oriented fdx gene, in accordance with nif transcription. Therefore, an additional system is expected to regulate anf expression in response to both nitrogen and molybdenum availability. If a transcriptional activator is necessary to drive anf expression, we have to propose an yet unidentified upstream activator sequence to be recognized under Mo depletion. If the binding site for such a factor is close to the operator sites in the intergenic region between anf and fdx, this activation step could be impaired by GlnR-FBI-GS upon nitrogen excess. Another hypothesis is that this activator is itself under strict GlnR control, so the nitrogen status would be transmitted to the activator, and anf genes would be indirectly regulated by nitrogen supply. Since the alternative systems are in general poorly characterized, the anf regulatory circuits requires deeper investigations.
Besides the structural nitrogenase elements (encoded by nifHDK), nif genes encode proteins involved in the biosynthesis and assembly of the Fe-Mo cofactor, which also take part in alternative cofactor biosynthetic pathways [56] . There is not much knowledge on anf-specific required genes for the biosynthesis of the iron-only cofactor [57] , but nif genes have been demonstrated to be essential to the Anf system in Azotobacter vinelandii [58] and Rhodobacter capsulatus [59] , for example. At the secondary nif operon, SBR5 displays genes encoding to NifE and NifN, which form a scaffold for cofactor assembly, and NifX, a metallocluster carrier [56] , but the regulatory pattern predicted from data presented here do not allow us to connect it directly to the main nif or the anf operons. If these proteins take part on biosynthesis of the Mo-based cofactor, the Fe-only cofactor or both remains to be determined.
Biological nitrogen fixation is a complex feature and the nitrogenase evolutionary history is permeated by events of gene duplication, recruitment, fusion, and horizontal gene transfer [2] . The ability to fix nitrogen was acquired in the Paenibacillus genus by lateral transfer [20] . The acquired genes seem to have been integrated at an ancient circuit of overall nitrogen homeostasis. The regulatory cascade integrated by GS and GlnR, already recognized to govern expression of genes involved in global nitrogen metabolism in response to the cellular nitrogen and energy status, acquired a new function in controlling nif gene expression. The single transcription factor GlnR seems to be sufficient to achieve a fine-tuned response, mechanistically realized by the number and organization of operator sequences. We propose DNA looping as part of the global mechanism, further stabilizing transcriptional repression. How this cascade connects to a broader circuit, integrating oxygen levels information, and also how the alternative fixation regulation is composed within this circuitry requires further investigation and promises interesting findings.
Experimental procedures
Bioinformatic methods
Two PWMs were applied for detection of putative GlnRbinding sites at SBR5 genome. One PWM, named PWM-RP, was generated using 45 GlnR-binding sites from bacteria of order Bacillales deposited in Regprecise (http://regprecise. lbl.gov/RegPrecise/sites.jsp?regulog_id=1173) [60] . The other PWM, PWM-MEME, was built using a de novo approach through MEME software [61] . For this purpose, upstream intergenic sequences of target genes (glnR, nifB, anfH, nifE2, and other genes of alternative nitrogenase clusters) from closely related Paenibacillus species (Table S2) were retrieved using ARTEMIS software [62] . Intergenic sequences located between genes in divergent orientation were split in half, and the gene-proximal sequence was utilized for motif identification. Palindromic nucleotide motifs of width 19 were searched in the intergenic sequences, expecting any number of repetitions, using MEME software. The PWM-MEME was generated describing the most significant motif, which was compared to previously defined regulatory sequences available in prokaryotic databases ('combined prokaryotes' option) through TOMTOM software [63] , using default parameters. GlnR-binding sites were predicted in target upstream intergenic sequences using each PWM with MAST software [61] . Searches were performed only in the given strand of each sequence. GlnR-binding site conservation was represented as a sequence logo, generated by means of Weblogo 3 (http://weblogo.threeplusone.com/) [64] .
Other two PWMs specific to SigmaA promoter -35 and -10 sequences were built from B. subtilis promoter sequences available in DBTBS (http://dbtbs.hgc.jp/) [65] . These matrices were used to find putative SigmaA promoters in target sequences throughout PROMOTERHUNTER software (http:// www.phisite.org/main/index.php?nav=tools&nav_sel=hunter) [66] . Only direct strands were considered, and global G + C content was set to 51% (genomic G + C content of SBR5).
Construction of expression vectors and purification of recombinant proteins
The genetic-linked sequences encoding GS and GlnR identified from SBR5 genome (accession number LN831776 [23] ) were used to design synthetic Escherichia coli codonoptimized gBlock gene fragments (Integrated DNA Technologies, Leuven, Belgium). Designed sequences contained homologous regions for integration in expression vectors. GS-encoding fragment was assembled to EcoRI-digested pASK-IBA3 plasmid to produce StrepII-N terminus-tagged GS. GlnR-encoding fragment was assembled to BamHIdigested pET15b plasmid to produce His 6 -N terminustagged GlnR. Enzymatic assembly of DNA was performed as described by [67] . Protein overexpression was carried out in E. coli Lemo21 (DE3) (New England Biolabs, Ipswich, MA, USA) and purification was performed as described previously to B. subtilis StrepII-tagged GS and His 6 -tagged TnrA [35] .
Size-exclusion chromatography
Analytical size-exclusion chromatography was carried out on an € Akta purifier system equipped with a Superdex 200 column PC 3.2/30 (geometric column volume of 2.4 mL; GE Healthcare, Little Chalfont, UK). His 6 -GlnR was diluted on running buffer to reach a concentration of 5 lgÁlL À1 , and this sample was centrifuged at 4°C for 5 min at 12 000 g. For analysis, 10 lL of the supernatant were injected at 0.05 mLÁmin À1 flow rate on the following running buffer: 50 mM Tris-HCl (pH 7.4), 300 mM NaCl, and 0.02% sodium azide. For comparison, recombinant His 6 -tagged B. subtilis GlnR was applied following the same procedure, as well as the truncated version of this protein, lacking 40 amino acids at the C terminus domain. These proteins were purified as described previously [35] . The apparent molecular weight was estimated after calibration of the column with standard proteins: conalbumin (75 kDa), ovalbumin (44 kDa), carbonic anhydrase (29 kDa), ribonuclease A (13.7 kDa), and aprotinin (6.5 kDa) (LMW gel filtration calibration kit; GE Healthcare).
Surface Plasmon Resonance (SPR) detection
All SPR experiments were performed at 25°C in a BIAcore X biosensor system (Biacore AB, Uppsala, Sweden). Protein-protein interaction assays were performed at 15 lLÁmin À1 flow rate in HBS buffer composed of 10 mM HEPES (pH 7.4), 300 mM NaCl, 3 mM MgCl 2 , and 0.005% Nonidet P-40. Protein was immobilized on the Ni 2+ -nitrilotriacetic acid sensor chip surface by injecting 10 lL of 250 nM dimeric His 6 -GlnR to FC2, to achieve a binding signal of 2500 RU. In order to detect the binding of GS to the surface-immobilized GlnR, 25 lL of 100 nM dodecameric StrepII-GS was injected as an analyte in the presence or absence of 1 mM glutamine, 1 mM MSX, 1 mM ATP, 1 mM AMP, or combinations of these effector molecules. Protein-DNA interaction assays were performed at 10 lLÁmin À1 flow rate in HBS buffer composed of 10 mM HEPES (pH 7.4), 300 mM NaCl, 0.2 mM EDTA, 3 mM MgCl 2 , and 0.005% Nonidet P-40 (glutamine was added to 1 mM when specified). DNA fragments of interest were immobilized on the chip surface following the indirect Re-usable DNA Capture Technique (ReDCaT) [68] : a biotinylated single-stranded DNA linker (biotin-GCAGGAG GACGTAGGGTAGG) was irreversibly bound to the streptavidin sensor chip. DNA oligos used for SPR assays (Table S1) were designed based on SBR5 genome fragments harboring putative GlnR-binding sites standardized to 30 bases and containing a single-stranded overhang complementary to the linker. DNA duplexes were formed according to a previous study [69] , and fragments to be evaluated were immobilized on FC2, while an unspecific DNA fragment of the same length was immobilized on FC1. For standard assays, 10 lL of 1 lM dimeric His-GlnR were injected over approximately 500 RU DNA-immobilized chip surface, either with or without 100 nM dodecameric StrepII-GS. For strict assays, 10 lL of 250 nM dimeric His-GlnR weas injected over approximately 250 RU DNA immobilized chip surface, either with or without 25 nM dodecameric StrepII-GS.
Protein-DNA affinity SPR assays were performed at 10 lLÁmin À1 flow rate in HBS buffer composed of 10 mM HEPES (pH 7.4), 300 mM NaCl, 0.2 mM EDTA, 3 mM MgCl 2 , 0.005% Nonidet P-40, and 1 mM glutamine. Eighty microlitres of 500 nM dimeric His-GlnR (either with or without 50 nM dodecameric StrepII-GS) were injected over approximately 250 RU DNA immobilized chip surface to reach saturation. Injections were repeated twice for each DNA fragment, and data were fitted to 1 : 1 (Langmuir) binding model. Surface plasmon resonance interaction data are presented as the resonance difference between FC2 and FC1 (DRU) representing the specific binding to FC2. SPR affinity data are presented as affinity parameters. Experiments were evaluated using BIAEVALUATION software (Biacore AB) and GRAPH-PAD PRISM (GraphPad Software, La Jolla, CA, USA).
GS enzymatic activity
Glutamine synthetase biosynthetic activity was determined based on inorganic phosphate detection as described by Ref. [70] at 37°C. The reaction mix consisted of 100 mM Mops (pH 7.5), 50 mM MgCl 2 , 250 mM monosodium glutamate, and 10 mM ATP. StrepII-GS was added to 1.35 lg/ 100 lL reaction. Fifty micromolars of NH 4 Cl was added to start the reaction. Phosphate released from ATP hydrolysis was colorimetrically determined in complex with molybdate at A 655 , and GS-specific activity is presented as nmol PiÁlg protein À1 Ámin
À1
. GS activity was determined under increasing glutamine (up to 10 000 lM) and AMP concentrations (up to 1000 lM) in the absence or presence of GlnR (1 GS : 10 GlnR molar ratio). The activity determined with no inhibitors added was defined as the maximum 100% value. Raw data were fitted using GRAPHPAD 
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